Uranium and thorium within the Earth produce a major portion of terrestrial heat along with a measurable flux of electron antineutrinos. These elements are key components in geophysical and geochemical models. Their quantity and distribution drive the dynamics, define the thermal history, and are a consequence of the differentiation of the Earth. Knowledge of uranium and thorium concentrations in geological reservoirs relies largely on geochemical model calculations. This research report describes the methods and criteria to experimentally determine average concentrations of uranium and thorium in the continental crust and in the mantle using site-specific measurements of the terrestrial antineutrino flux. Optimal, model-independent determinations involve significant exposures of antineutrino detectors remote from nuclear reactors at both a mid-continental and a mid-oceanic site. This would require major, new antineutrino detection projects. The results of such projects could yield a greatly improved understanding of the deep interior of the Earth. 
Introduction
The production, expected flux, and detection of electron antineutrinos from the decay of long-lived isotopes of uranium, thorium, and potassium in the Earth have been discussed for decades (1) (2) (3) (4) (5) . Recently, the energies but not the directions of terrestrial antineutrinos have been observed utilizing the inverse β-decay reaction on free protons in a large, monolithic, scintillating liquid detector located on an island arc (6) . With this initial observation, non-constraining measurements of the electron antineutrino flux from 238 U and
232
Th decay and of radiogenic heat production within the Earth have been provided. Subsequently, observational neutrino geophysics has been examined at an international workshop (7) and developed in recent reports (8, 9) . The present report reviews the research area and proposes a specific neutrino observational program.
Recent reports (8, 9) offer model-dependent predictions of the terrestrial antineutrino flux at potential observation sites, with particular attention to the site of the initial observation (6) . Predictions assume the flux originates from uranium and thorium in the crust and mantle only and not the core. Near-surface geological measurements and a whole-Earth geochemical model determine the flux contributions from the crust and mantle, respectively. Comparing the predicted and measured fluxes at a particular site tests the model.
This research develops an alternative method for testing geochemical models. It follows previous work on multi-detector antineutrino spectroscopy (10) . It reports experimental criteria for model-independent estimates of the average concentrations of uranium and thorium in Earth's mantle and continental crust. These lead to assessments of radiogenic heating and thorium to uranium ratios in those reservoirs. Such estimates require measurement of the terrestrial antineutrino flux at two geologically distinct locations, ideally a mid-oceanic site and a mid-continental site. Site-dependent fluxes and detector exposures determine uncertainty in the average concentration estimates.
Assuming the flux from a reference model (11) allows calculation of benchmark exposures at each site for achieving estimates of a given precision. These exposures set the scale for terrestrial antineutrino detection projects to provide model-constraining estimates of average uranium and thorium concentrations in the mantle and continental crust.
The present method of detecting terrestrial antineutrinos (6) is essentially the same as that used to discover the neutrino (12) . Spatially coincident signals from a prompt positron and a delayed neutron efficiently identify electron antineutrino absorption on a free proton. This method, which is subject to the interaction threshold energy of 1.8
MeV, measures well antineutrino energy but not direction (13 (10, 14) . Due to the weakness of neutrino interactions a convenient unit of detector exposure is 10 32 free-proton years, corresponding to operation of somewhat over 1 kton of scintillating liquid for one year.
Background to the terrestrial antineutrino signal is due to reactor antineutrinos, radioactive contamination of the scintillating liquid, and spallation products from cosmic-ray muons (6) . Detectors located at least 1000 km from the nearest nuclear power plant, filled with purified scintillating liquid, and shielded by an overburden equivalent to at least 3000 m of water reduce background to an acceptable level.
The initial observation of terrestrial antineutrinos (6) continental detectors to achieve comparable event rates.
Results
Consider measuring at a single site the terrestrial antineutrino flux given by a reference model and its uncertainties (11) . According to the reference model the mid-continental site receives 82% of the flux from continental crust with the majority coming from within about 600 km of the detector. In contrast, the mid-oceanic site receives 72% of the flux from the mantle with the majority coming from within about 5000 km of the detector (22) . Without directional information, estimates of flux contributions from continental crust and mantle rely on model-specific information and uncertainties.
Determining the contribution from one reservoir requires subtracting from the total flux the model-predicted contribution from the other reservoir. Table 1 The reference model supplies 11 TW of heating to the mantle compared with 18 TW and 26 TW for the other models. Table 2 presents the significance of the resolution when comparing measurements of uranium and thorium concentrations in the mantle and continental crust. The resolution is greatest for the measurement of uranium concentration in the mantle.
Discussion
Measuring the terrestrial antineutrino flux both from continent and ocean is within current technological capability. Detectors with up to free proton targets are currently under consideration (30) . At this size observations for a combined analysis leading to 10% measurements of the uranium content and <20% measurements of radiogenic heat production of both mantle and continental crust are possible after * Both detectors are ~1 kton in size ( free-proton targets) and subject to considerable reactor antineutrino flux, the former more severe than the latter.
The Canadian detector should be able to confirm observation of terrestrial antineutrinos after operating for about three years. [ ]
( ) is the average isotope concentration in continental crust (mantle). Calculations include background from all commercial nuclear reactors (26) operating at full power 80% of the time, an antineutrino detection efficiency of 0.7 (6) , and a reduction of antineutrino flux by a factor of 0.57 due to best-fit neutrino oscillation parameters (27) . Heating estimates assume a ratio of potassium to uranium of (20). 
